Introduction
Due to extensive use in agriculture, neurotoxigenic organophosphorous pesticides are still among the most widespread pollutants in the environment, and easily enter the food chain. Being chemical analogues of nerve gases, they can also be used in terrorist actions (e.g. poisoning of water sources). To protect the general public, consumers, and producers, restrictive regulations in the areas of food quality and food safety, environmental protection as well as of homeland safety require quick answers and the analysis of large numbers of compounds in large numbers of samples at low cost. Due to the constraints of analytical measurements, which mainly result from limitations in time and financial and/or instrumental resources, proposals were made to find quality compromises between metrology and the problem solving in situations where analytical information is required. 1, 2 This resulted in new strategies intended to minimize the negative connotations of conventional analytical approaches, which use a combination of so-called vanguard (screening) and rearguard (conventional) systems. 1, 2 Vanguard analytical systems are used as sample screening systems (sample filters or selectors) in many activities where information is rapidly needed to make immediate decisions in relation to the analytical problem. [3] [4] [5] They provide simplicity (e.g. little or no sample pretreatment), low cost per a sampleanalyte pair, rapid and reliable response, and usually give atypical results (binary responses, total indices, method-defined parameters). However, their major weakness is low metrological quality of the results. Therefore, uncertainties of up to 5 -15% are usually accepted as a toll for rapidity and simplicity, which are essential, even though in contradiction with conventional analytical concepts.
On the other hand, rearguard analytical systems rely on conventional analytical processes and require preliminary operations for sample treatment that are both labor intensive and difficult to automate (e.g. dissolution, solid or liquid extraction, and solvent changeover) as well as sophisticated instruments (e.g. GC-MS, GC-MS/MS, GC-FTIR/MS, LC-MS, LC-ICP-MS, or CE-MS). These techniques provide high accuracy because of their excellent sensitivity and selectivity. However, such systems are expensive and operationally slow, but give information concerning the highest possible quality (e.g. for each target analyte individually).
An appropriate combination of these two types of systems allows for the development of vanguard-rearguard analytical strategies. 4 With such strategies, a large number of samples are subjected to screening to obtain binary or total index responses in a short time. The output is referred to as "crash results", and can be used to make immediate decisions. Vanguard systems reduce the number of samples with a given attribute (e.g. a toxicity level exceeding the limit tolerated by law or by clients). These attributed samples are subsequently processed systematically with a rearguard analytical system to obtain quantitative data and their uncertainty for each target analyte to confirm the crash results of vanguard systems (e.g. positives in binary responses to ensure that they are correct).
With the objective to develop new vanguard analytical systems, a relevant goal is to exploit the advantages offered by flow-injection analysis (FIA) and microfluidic lab-on-a-chip systems on one hand, and highly sensitive thermal lens spectrometric (TLS) 6-8 detection on another hand. In such combinations, the FIA approach simplifies the sample handling (e.g. volume measurements) and transport to the detector, while microfluidic lab-on-a-chip technology can facilitate and speed up processes, including colorimetric reactions, antigen-antibody or enzyme-substrate interactions in bioanalytical systems, and even the extraction and preconcentration steps by introducing continuous-flow processing and micro unit operations in chemical analysis. 9 A crucial advantage of microfluidic systems lies in the fact that small dimensions of such systems, which consist of capillaries and micro reactors with dimensions of about 10 to 100 μm, significantly reduce the molecular diffusion time, which is inversely proportional to the second power of distance. For example, the time required for the completion of an ELISA immunoassay for immunoglobulin A, performed in a commercial microtiter plate (dimensions of a well are of several mm), was reduced from 15 h to only 10 min when transferring the assay into a microfluidic system, while maintaining, or even improving, the sensitivity. 10 However, highly sensitive techniques are needed in microfluidic systems, because the amounts of analytes in the detection volumes are extremely small (femto-or attomoles), 11, 12 and the optical interaction lengths that govern the sensitivity of the optical methods are two to three orders of magnitude shorter than that in conventional spectrometric techniques. [13] [14] [15] This is why thermal-lens spectrometry and thermal-lens microscopy (TLM) as a special branch of thermal lensing [16] [17] [18] [19] are very advantageous as detection techniques in the above approach to building vanguard analytical systems.
Thermal-lens Spectrometry for Fast Screening Approaches
TLS is known to be one of the most sensitive spectroscopic techniques for measurements in liquids. Owing to its inherently high sensitivity, TLS enables measurements of optical absorbances lower than 10 -6 . 7 Other important characteristics of TLS include the possibility of probing very small (sub-picoliter) [23] [24] [25] [26] [27] [28] [29] TLS and photothermal instruments do not offer the possibility of simultaneous multiwave measurements or rapid spectral scanning, such as provided by diode-array spectrophotometric detectors (DAD). TLS is therefore mainly applied as a detection technique for separation methods, like high-performance liquid chromatography (HPLC), capillary electrophoresis (CE), and ion chromatography (IC), which provide the required selectivity. 8, 20 However, high specificity can also be introduced into TLS measurements by applying a specific colorimetric reaction, [30] [31] [32] [33] or the concept of bioanalytical assays. [34] [35] [36] The latter rely on the biorecognition capability of various biomolecules, such as enzymes and antibodies, which react or bind with the analyte with high specificity. Coupling TLS or TLM to bioanalytical techniques offers important improvements in the sensitivity as well as the selectivity of the determination of various analytes.
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Flow-injection Manifolds for TLS Detection
The above discussion explains why actually all of the recent applications of TLS and microscopic TLS and TLM relying on bioanalytical assays have been reported in combination with various flow systems: FIA 20 or microfluidic systems on microchemical chips. 16, 38 Such combinations provide high sample throughput, simplicity, and high reproducibility as well as reduced reagent consumption and operational costs. Furthermore, losses of sensitivity or negative systematic errors due to the degradation of photolabile analytes, exposed to high-intensity light from excitation lasers used, can be avoided by performing TLS and TLM measurements in the FIA mode. 39 FIA manifolds in combination with TLS enable the online performance of several chemical reactions required for the final detection of an analyte. They might include a chemical transformation of the analyte through oxidation/reduction processes 40 and/or other derivatization procedures (coloring reactions), 40 as well as their binding to specific antibodies 41, 42 or enzymes. 43 However, the effects resulting from heat dissipation, due to mass flow out of the excited sample, must be considered when TLS measurements are performed in flowing samples. When pulsed sources or high modulation frequencies (some 10 Hz) with continuous wave lasers are used for the excitation, and flow rates are lower than 1 mL/min. Such effects contribute to a decrease of TLS signal in liquids by only a few percent. 44, 45 Nevertheless, one should consider the actual velocity of the flow and not just the flow rate, since in small detection cells or in capillaries, such as the case in TLM, the flow velocities can be rather high. Nonetheless, when TLS detection is performed in micro-channels with diameters of a few tens of micrometers, and with flow rates of less than 10-μL/min, which is usually the case in TLM, 9 the flow velocities are in the range of cm/s or lower. For moderate flows in capillaries (up to 5 cm/s) the thermal-lens effect is significantly enhanced. [46] [47] [48] This is due to an increased thermal diffusion of the liquid in a capillary accounted for by the edge effects in the flow. Higher thermal diffusion in turn decreases the characteristic time constant of the thermal lens (signal rise time). Higher signals are therefore recorded at a given modulation frequency. Higher enhancements can be achieved at higher flow rates by decreasing the diameter of the capillary and increasing the modulation frequency. At higher flow velocities (over 10 cm/s for modulations at 700 Hz) the loss of sensitivity due to dissipation of released heat still governs the observed TLS signals. 46 
Bioanalytical Applications of TLS and FIA-TLS Assays
Recent bioanalytical applications of TLS are mainly focused on the utilization of the FIA-TLS for determining organophosphate (OP) and carbamate pesticides. A mode mismatched pump/probe TLS spectrometer 23 with a 476-nm excitation line from an Ar-ion laser is exploited for such tasks. A TLS detection unit is coupled to a FIA system, which includes a bioanalytical column with immobilized acetylcholinesterase (AChE). 49, 50 Immobilized AChE hydrolyses the substrate (acetylthiocholine iodide) when it passes through the bioanalytical column, and a colored compound is produced from the product of hydrolysis by Ellman's reaction, 51 which is detected by TLS. Since the magnitude of the signal is proportional to the activity of the AChE, determining the activity before and after injection of the sample can serve as a basis for the quantification of AChE inhibitors from the groups of organophosphates and carbamates.
The method was successfully applied for the determination of OPs with high sensitivity in samples of tap water and spiked fruit juices. The limits of detection (LOD) reported for compounds such as paraoxon were as low as 0.2 μg/L, while for carbamates, such as carbofuran, LODs of 1 μg/L were achieved. No other sample treatment than a pH adjustment was required. 49 Selection of the most suitable enzyme (AChE from electric eel) 43 and utilization of matrix-matched calibration procedures 52 enabled the application of FIA-TLS for determining OPs and carbamate pesticides in samples of vegetables, such as onions and lettuce. 49 Simple chopping, mashing in liquid nitrogen, mixing with a carrier buffer (with 10% added acetone), and centrifuging were used as a sample-preparation procedure without any extraction or preconcentration step. After centrifugation, 1 mL of the supernatant was directly injected into the FIA system, which was calibrated by using paraoxon standard solutions. The concentrations of pesticides detected in each sample were expressed in terms of the paraoxon equivalents. 49 When the differences in the toxicities of pesticides (median lethal dose values for rats, LD50) present in a given sample were taken into account, the determined paraoxon equivalent concentrations were in good agreement with the concentrations of individual pesticides (carbofuran, propamocarb, oxydemeton-methyl, and parathion-ethyl) determined by GC-MS. This was an additional proof of concept for FIA-AChE-TLS as a vanguard method based on total index determination (cumulative anti-AChE toxicity of OPs and carbamates).
FIA-AChE-TLS was also applied for monitoring the toxicity during the photodegradation of OPs and during photocatalytic processes, [53] [54] [55] [56] as well as for the optimization of advanced oxidation methods for treating waters contaminated with OP insecticides. 57 The fast response of FIA-TLS along with actually no sample treatment before the analysis makes it possible to render analyses in 3 -5 min, and therefore provides a quasi-online monitoring of water-treatment processes that take 1 -2 h. The inhibition of AChE activity during such watertreatment processes indicates the formation of toxic degradation products (mainly OP oxons). The formation of such compounds cannot be revealed by monitoring the disappearance of the parent compound, which is usually an indicator for the endpoint of the degradation process. Inhibitions of up to 40% of AChE activity during the photodegradation or photocatalysis of malathion, isomalathion, chlorpyrifos, and azinfos-methyl (initial concentrations 5 -30 ppm) correlated well with the concentrations of the formed oxons, which were detected by GC-MS. 53, 56, 57 FIA-AChE-TLS also served as a reliable method to determine the endpoint (no AChE inhibition) of the degradation of oxons, such as malaoxon, which were in general found to be more persistent to photodegradation compared to their thio-analogs (phosphorotionates and dithionates). 53, 54, 56, 57 Due to the high sensitivity for oxons and a much faster response, FIA-AChE-TLS offers clear advantages 57 compared to toxicity assays based on the inhibition of Vibrio fischeri fluorescent bacteria, which is threefold less sensitive for the detection of oxo-organophosphates, compared to phosphorothionates, and was most frequently applied in processes for the removal of OPs in the past. 58 AChE is, however, not inhibited by thio-OPs. Therefore, the oxidation of thio-OPs into AChE inhibiting oxo-OPs prior to their determinations is required in techniques such as FIA-AChE-TLS. Efficient batch-mode procedures for the oxidation of thio-OPs were recently developed for the determination of thio-OPs by FIA-AChE-TLS. They are based on chemical oxidation, 59 as well as on the possible online oxidation by enzymes, such as chloroperoxidase (CPO) isolated from Caldariomyces fumago marine fungi. 60 CPO is a versatile enzyme with the capability of peroxidative, catalatic, halogenating, and chlorinating activity, 61 acting on a wide spectrum of substrates. However, from the viewpoint of the determination of organophosphates, the ability of CPO to induce oxygen-transfer reactions that resemble those induced by P450 monooxygenases 62 is much more relevant. However, the source of oxygen has to be added to the reaction medium in the form of hydrogen peroxide (H2O2) or some other hydroperoxide (methylor ethyl-hydroperoxides, tert-butyl hydroperoxide). 63, 64 The dependence of CPO activity on the pH imposes additional requirements and constraints on the experimental conditions for FIA determination of organophosphates with the online oxidation of thio-OPs by CPO. Furthermore, the optimum pHs are different for the two enzymes (CPO and AChE) used in the FIA system. CPO shows the highest activity in the acidic (pH 3) case, while AChE in the neutral (pH 8 -9) pH range. Previous FIA manifolds 49,50,52-56 therefore need to be upgraded with a CPO column and with a second pump (as shown in Fig. 1) , and the operational parameters must be carefully adjusted so as to achieve the optimum pH for the action of AChE. The combination of a 0.2 M phosphate buffer with pH 9.1 and a 0.025 M citrate buffer with pH 2.95 in a 2:1 flow-rate ratio, resulting in a 0.6 mL/min cumulative flow-rate on the AChE column, and final pH value of 7.4, provided conditions for the highest AChE activity and the highest inhibition effect in the given FIA system.
Despite the known CPO inactivation by H2O2, 63,64 no effect of peroxide on the CPO enzyme was observed with 0.1 mM H2O2 for injections of up to 15 samples. For samples requiring higher H2O2 concentrations, due to matrix effects (i.e. sugars in fruit juices), a progressively faster CPO inactivation was already observed at lower numbers of samples (i.e. six samples at 1 mM H2O2). By integrating the online oxidation performed with an immobilized CPO enzyme in a FIA-TLS system, the detection of tested thio-OP analogues (malathion, parathion-methyl, chlorpyrifos, and diazinon) was possible with LODs of 30, 30, 60, and 500 μg/L for chlorpyrifos, malathion, parathion-methyl, and diazinon, respectively.
Equally important is the observation that by incorporating the CPO oxidation step, the time needed for one sample analysis was not increased in comparison to the FIA-AChE-TLS system, described previously, 43 and is in the range of 7 to 10 min per sample, as can be deduced from signals shown in Fig. 2 . A typical sequence required 2 -3 injections of the substrate (150 s) before and after sample injection with an additional 2 min for sample injection. These times of analysis are 12-fold shorter in comparison to AChE assays with chemical or enzymatic batch oxidation, 59, 60 and two to three-times shorter than the fastest GC-MS analysis, 65 following a rapid microextraction 66 of the analytes. Other examples involving the application of FIA-TLS in combination with bioanalytical methods for the detection of toxic compounds include the determination of allergens, such as β-lactoglobulin (BLG) and ovalbumin (OVA) . 67 This required the integration of an ELISA assay for BLG or OVA into an FIA-TLS system by immobilizing respective antibodies onto a monolithic convective interaction media (CIM) column. After a simple addition of secondary antibodies labeled with horseradish peroxidase (HRP) to the sample, 100 μL of a preincubated sample was injected into the FIA system for binding to immobilized primary antibodies. Then, 10 μL of the HRP substrate (o-phenylenediamine dihydrochloride, OPD) was injected so as to reveal the amount of bound allergen on the bioanalytical column by detecting the product of OPD-HRP reaction using TLS. The achieved LODs were 60 ng/L for BLG and 10 μg/L for OVA. This is substantially lower than the concentrations of allergens that trigger allergic reactions (e.g. 200-fold lower in the case of BLG ingested into 100 g of food) and about two orders of magnitude lower compared to commercial ELISA kits, while it still provides a sample throughput of 8 samples/h.
To give an example of FIA-TLS as a vanguard approach based on the so-called method of defined parameters, 4 the detection of cyanobacterial pigments, 68 namely Cr-phycoerythrin (Cr-PE), as an early-warning marker for the presence of hepatotoxic microcystin in water, is described. The concept relies on the detection of pigments released from cyanobacteria during an algal bloom, which can also be associated with the well-known appearance of microcystin in such events. 69 In our work, which in a similar way aimed to use carotenoids from phytoplankton cell cytoplasm as an indicator of massive algal blooms, TLS detection enabled highly sensitive online monitoring of the lysis of cultured cells (Skeletonema costatum), with a limit of detection corresponding to 6 × 10 6 lysed cells/L (equivalent to a β-carotene concentration of 0.6 μg/L). 70, 71 With the FIA-TLS detection of Cr-PE, a LOD of 12 μg/L was achieved for this cyanopigment. Taking into account that on average 5 × 10 6 cyanobacteria produce 1 μg/L microcystin in water, 72 and considering the dry weight of cyanobacteria (264 fg/μm 3 ) 73 and the amount of PE in cyanobacterial cells (up to 8% dry weight), 74 a comparable concentration of 6.4 μg/L Cr-PE corresponds to the maximum contaminant level (MCL) for microcystin (1 μg/L).
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The achieved LODs are only less than twofold higher than the concentration calculated as the one corresponding to the MCL of microcystin. This indicates that TLS could be a powerful tool for the detection of cyanobacteria in water, which can therefore detect early onsets of massive harmful algal blooms in natural waters, where the concentrations of cyanobacteria can peak at up to 1000-times higher levels as that needed to reach the MCL for microcystin. Taking this into account, FIA-TLS already compares favorably with recently reported techniques, and could be used as early warning systems for microcystins, which are based on the fluorescence detection of cyanopigments. 76 In addition, FIA-TLS offers a manifold for the direct determination of microcystin based on an approach similar to the above-described for OP and carbamate pesticides. This is possible by a protein phosphatase inhibition assay, because microcystin is a known inhibitor of protein phosphatase 2A (PP2A). 77 In this case, p-nitrophenol (pNP), a product of the PP2A reaction with p-nitrophenylphosphate (pNPP), is detected as an indicator of PP2A activity. FIA-TLS detection showed a 55% inhibition of PP2A by 5 μg/L microcystin, and clearly distinguishable signal peak differences for PP2A activity, also at microcystin concentrations below the MRL values, as shown in Fig. 3 (LOD, 0.6 μg/L). Considering two replicate measurements of the PP2A activity for the control (0 μg/L microcystin) and for unknown analysis times of about 8 min/sample can be achieved.
Thermal-lens Microscopy in Microfluidic Systems
A very important step for the application of TLS detection in flow-injection analysis, and particularly in microfluidic systems was the development of thermal-lens microscopy, 78 and TLS microscopes.
TLM instruments enabled several novel applications of TLS in microchemical analysis. 9 The advantages of thermal-lens microscopy stem from the unique coaxial geometry of the excitation and probe beams in TLM, which are focused with a single chromatic microscopic objective lens. The chromatic aberration of the microscopic objective lens results in a few micrometer displacements of the excitation and probe beam foci that is needed to observe the effect of the thermal lens on the probe beam. It also enables the detection of analytes in the micro-wells and micro-channels of a microfluidic chip, which cannot be performed by a transverse-mode TLS. In addition, microfluidic chips can serve as a platform for the mixing of analytes and reagents, liquid or solid-phase extraction, phase separation, the concentration of gaseous analytes, the growing of cell cultures, as well as sample heating, which can be performed online during the course of chemical analysis. 9 Since its introduction, 79 TLM underwent significant development and transformations to become a user-friendly analytical system. Focal-point controlled units for both the excitation and probe lasers have been introduced to allow for the optimization of instruments with state-of-the-art achromatic objective lenses. 80 Further miniaturization of thermal-lens microscope modalities by introducing micro-optical elements and diode lasers into the optical schematics resulted in the successful development of a desktop TLM, 9 which was further upgraded by optical fibers and gradient index (GRIN) lenses and then developed into a fully automated TLM. 19, 81 Integration of the optical fiber and auto-focused micro-lenses lead to a further size reduction and simplification of TLM instruments. 82 Further optimization with reduced number of optical elements, novel beam-alignment and detection systems provided high signal stability, and rendered the TLM instrument to actually be portable. 83 Even though the commercial TLM instruments mentioned above are already available, further development of the TLM theory and instrumentation 21, [83] [84] [85] is required to optimize the optical scheme fully, and to attain the maximum sensitivity of TLM detection in microfluidic systems. For this purpose, a novel thermal-lens microscope was developed (Fig. 4) , which enables pump and probe beam displacements to account for the effects of microfluidic flow on the TLM signal, and to optimize the pump and probe beam radii for the highest sensitivity in a sample of a given thickness. After optimizing the instrumental parameters, 86 the developed TLM instrument was employed for microfluidic FIA detection of chromate (Cr(VI)), as a representative of toxic and carcinogenic compounds so as to demonstrate the capability of high-throughput analysis by μFIA-TLM.
The detection of Cr(VI) was based on a well-known species-specific reaction with diphenylcarbazide (DPC), which was applied previously for the highly sensitive detection of Cr(VI) by FIA-TLS. 39 The determination was performed in a Y-joint 50-μm deep microchannel. A carrierstream containing DPC was continuously pumped through one inlet of a microchip by a microfluidic pump at flow rates of between 1 to 50 μL/min (corresponding to flow velocities of 0.2 to 10 cm/s in the microchannel). Simultaneously, the samples were injected instantly with another microfluidic pump through the second inlet at flow rates of 200 μL/min. Initial tests have revealed that the signal increases proportionally to the injection volume only up to about 1 μL of the injected sample. At higher sample volumes, split peaks were observed, since the diffusion of the reagent from the front and the rear of the injected sample slug was too slow for the complete colorimetric reaction in the central part of the injected sample. Larger injection volumes also resulted in wider peaks, which reduced the sample throughput similarly as lower flow rates (diffusion broadening), because longer times were required to reach the detection point, which was located at 6 cm downstream from the Y junction of the microchip. The optimum decision was found with injections of 0.72 μL samples at a carrier flow rate of 20 μL/min. Under these conditions, analytical signals for twelve sample injections in 1 min could be recorded (Fig. 5 ) with good reproducibility. Using an excitation power of 60 mW, the LOD of 4 ng/mL of Cr(VI) was estimated, corresponding to an absorption of 9 × 10 -6 AU for Cr(VI)-DPC. When the flow rate was reduced from 20 to 5 μL/min, the flow-induced noise was much lower, and the decrease of the TLM signal due to the effect of the flow was reduced. In this case, the LOD was calculated to be 1 ng/mL, corresponding to an absorbance of 2.3 × 10 -6 AU. It should, however, be noted that a decrease in the LOD was achieved by sacrificing the speed of analysis, i.e. the number of μFIA-TLM signal peaks per time unit, which was reduced from ~12 peaks/min at 20 μL/min to only 4 peaks/min at 5 μL/min. Using a higher excitation power (120 mW), the LOD was further decreased to about 0.6 ng/mL. Though this value is still 9-times higher than that which the LOD achieved in the conventional FIA-TLS (0.07 ng/mL), 39 where 200-times longer optical interaction length (i.e. 1 cm) was used, an over 100-times lower sample/reagent consumption and a 4-times higher speed of analysis represent important and promising improvements in the direction of high-throughput vanguard analytical techniques.
Conclusions and Future Outlooks
The described examples of applications and list of references in this contribution and latest reviews, 16, 37, 87 demonstrate that TLS and TLM had already found many applications, and can provide highly sensitive analytical assays for the purpose of vanguard analytical methods with times of analysis shorter than 10, or even 1 min/sample in the case of TLS and TLM, respectively.
A substantial number of publications in the recent few years have dealt with TLM and the combination of TLM and microchip chemistry, which is consistent with the general trends for the miniaturization and higher throughput of analytical instruments and methods. This is also the area where we foresee the most progress concerning method development and in the applications of TLS, and particularly TLM in the near future. This shall rely on some of the already developed concepts of TLM detection in combination with the chemistry and biological cells on microchips 9, 88 for determination of new emerging pollutants, including pharmaceuticals as well as allergens and toxicogenic compounds in drinking water and foodstuffs. A number of new applications in biomedical research are also very likely, and have already been predicted for a single blood-cell surface antigen. 89 Recent advances in chemi-functional membranes on microchips, 90 pressure-driven flow control systems 91 and bio-microactuators, 92 could be utilized for the development of novel methods based on TLM detection in microfluidic systems. The availability of adequate lasers, however, remains to be one of the major obstacles for more widespread applications of TLS and TLM. For this reason, new concepts for the generation of a thermal lens shall be exploited, such as excitation by incoherent light sources, which has shown promising results in terms of the tunability as well as improvements in the sensitivity of TLM detection on microchips. 21, 22 
